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At  any  given  cell  operating  condition,  a  fuel  map  can  be  developed  to  predict  the  effect  of  a  fuel  containing 
carbon,  hydrogen,  oxygen  and  inert  gas  atoms  on  the  maximum  cell  efficiency  (MCE)  of  solid  oxide  fuel 
cells  (SOFCs).  To  create  a  fuel  map,  a  thermodynamic  model  is  developed  to  obtain  the  fuels  that  would 
yield  identical  MCE  for  SOFCs.  These  fuels  make  a  continuous  curve  in  the  ternary  coordinate  system.  A 
fuel  map  is  established  by  developing  continuous  fuel  curves  for  different  MCEs  at  the  same  operating 
condition  of  a  cell  and  representing  them  in  the  carbon-hydrogen-oxygen  (C-H-O)  ternary  diagram.  The 
graphical  representation  of  fuel  maps  can  be  applied  to  predict  the  effect  of  the  fuel  composition  and  fuel 
processor  on  the  MCE  of  SOFCs.  As  a  general  result,  among  the  fuels  that  can  be  directly  utilized  in  SOFCs, 
at  the  same  temperature  and  pressure,  the  one  located  at  the  intersection  of  the  H-C  axis  and  the  carbon 
deposition  boundary  (CDB)  curve  in  the  C-H-0  ternary  diagram  provides  the  highest  MCE.  For  any  fuel 
that  can  be  indirectly  utilized  in  SOFCs,  the  steam  reforming  fuel  processor  always  yields  a  higher  MCE 
than  auto-thermal  reforming  or  partial  oxidation  fuel  processors  at  the  same  anode  inlet  fuel  temperature. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

One  of  the  advantages  of  the  solid  oxide  fuel  cell  (SOFC)  is 
its  ability  to  utilize  various  types  of  fuels,  including  hydrogen, 
carbon  monoxide,  hydrocarbons,  alcohols  and  biomass.  Usually,  a 
hydrogen-  and/or  carbon  monoxide-rich  fuel  that  does  not  cause 
any  carbon  deposition  over  the  anode  catalyst  can  be  directly  uti¬ 
lized  in  SOFCs.  If  carbon  deposition  and  deactivation  of  the  anode 
catalyst  is  probable  then  the  fuel  is  utilized  indirectly  after  apply¬ 
ing  a  fuel  processor.  Steam  reforming  [1-3],  partial  oxidation  [4,5], 
auto-thermal  reforming  [6,7],  and  anode  exit  gas  recirculation  [8,9] 
are  the  usual  methods  to  prepare  a  fuel  for  SOFCs.  Although  a  broad 
range  of  fuels  and  fuel  processors  can  be  applied  for  SOFCs,  their 
effects  on  the  cell  performance  vary  considerably.  In  this  paper, 
the  effect  of  any  fuel  containing  carbon,  hydrogen,  oxygen  and 
inert  gas  atoms  on  the  maximum  cell  efficiency  (MCE)  of  SOFCs 
is  studied  by  developing  fuel  maps.  For  this  purpose,  a  thermody¬ 
namic  model  is  developed  to  identify  the  fuels  that  would  yield 
identical  MCE  for  SOFCs  at  a  given  cell  operating  condition.  These 
fuels  make  a  continuous  curve  in  the  ternary  coordinate  system. 
By  developing  the  continuous  fuel  curves  for  different  MCEs,  at 
the  same  operating  condition  of  a  cell,  and  representing  them  in 
the  carbon-hydrogen-oxygen  (C-H-O)  ternary  diagram,  a  fuel  map 


*  Corresponding  author.  Tel.:  +1  613  520  3806;  fax:  +1  613  520  2536. 

E-mail  addresses:  sfarhad@connect.carleton.ca,  siamak_farhad@yahoo.com  (S. 
Farhad),  feridun_hamdullahpur@carleton.ca  (F.  Hamdullahpur). 


is  established.  Determination  of  the  carbon  deposition  boundary 
(CDB)  curve  in  the  fuel  map  is  necessary  to  realize  a  fuel  can  be 
directly  utilized  or  it  should  be  prepared  before  utilized  in  the 
SOFC.  It  should  be  noted  that  the  region  below  the  CDB  curve  in  the 
C-H-O  ternary  diagram  belongs  to  fuels  that  can  be  directly  uti¬ 
lized  in  SOFCs  (called  “direct  fuel  utilization  region”  in  this  paper) 
and  the  region  above  the  CDB  curve  belongs  to  fuels  that  should 
be  processed  before  being  utilized  in  SOFCs  (called  “indirect  fuel 
utilization  region”  in  this  paper).  The  CDB  curve  is  found  based  on 
the  thermodynamic  equilibrium  assumption  [10-13].  A  simplified 
method  to  find  the  CDB  curve  for  fuel  maps  has  been  presented  by 
authors  [14].  After  determination  of  the  CDB  curve,  the  fuel  map 
can  be  easily  used  to  study  the  effect  of  any  fuel  containing  carbon, 
hydrogen,  oxygen  and  inert  gas  atoms  on  the  MCE  of  SOFCs. 

2.  Model  development 

In  the  present  model,  all  fuels  located  in  the  C-H-O  ternary  dia¬ 
gram  are  assumed  to  be  in  thermodynamic  equilibrium  and  the 
species  of  primary  importance  of  the  equilibrium  products  of  a  fuel 
is  considered  in  the  model.  At  the  operating  temperatures  and  pres¬ 
sures  of  SOFCs,  the  species  of  primary  importance  of  the  equilibrium 
products  of  a  fuel,  located  in  the  C-H-O  ternary  diagram,  are  car¬ 
bon  in  solid  phase  and  a  mixture  of  H2,  CO,  CH4,  H20  and  C02  in 
the  gaseous  phase  [15-17].  Depending  on  the  fuel,  inert  gases  such 
as  nitrogen  may  be  present  in  the  gaseous  phase.  Neglecting  the 
amounts  of  the  species  of  secondary  importance  in  the  equilibrium 
products  of  a  fuel  (e.g.  CH3OH,  HCHO,  C2H5OH,  and  Ci0H22)  does 


0378-7753 /$  -  see  front  matter  ©  2009  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2009.03.054 


S.  Farhad,  F.  Hamdullahpur  /  Journal  of  Power  Sources  193  (2009)  632-638 


633 


Nomenclature 

C  consumption  rate  (mol  s-1 ) 

F  Faraday  constant  (=96,485  C  mol-1 ) 

g  Gibbs  free  energy  (J  mol-1 ) 

h  enthalpy  (J  mol-1 ) 

/  electric  current  (A) 

Kp  equilibrium  constant 

HV  heating  value  (J  mol-1 ) 

MCE  maximum  cell  efficiency 

MCV  maximum  cell  voltage  (V) 

h  molar  flow  rate  (mol  s-1 ) 

p  pressure  (bar) 

P  production  rate  (mol  s-1 ) 

Ru  universal  gas  constant  (=8.314J  mol-1 1<-1 ) 
T  temperature  (I<) 

Uf  fuel  utilization  ratio 

V  voltage  (V) 

x  mole  fraction 

Greek  letters 

a ,  y,  S,  £,  x/f,  co  defined  parameters 
A  difference 

p  efficiency 

Subscripts  and  superscripts 
i  inlet 

ig  inert  gases 

o  outlet 

SR  steam  reforming  reaction 

WGS  water  gas  shift  reaction 


not  affect  the  results  within  the  accuracy  of  the  equilibrium  con¬ 
stant  data  [11].  The  mole  fraction  of  species  in  the  gaseous  phase 
of  the  equilibrium  product  of  a  fuel  (hereafter  called  just  fuel)  is 
obtained  by  dividing  the  partial  pressures  of  H2,  CO,  CH4,  H20,  and 
C02  by  the  difference  of  the  total  gas  pressure  and  the  inert  gases 
partial  pressure.  Using  the  Dalton’s  law1 : 


*h2  +  *co  +  *ch4  +  *h2o  +  *C02  =  1 


(1) 


The  overall  cell  efficiency  of  SOFCs  is  defined  as  the  ratio  of  the 
cell  electric  power  output  to  the  heating  value  of  the  inlet  fuel  to  the 
anode  [18].  By  assuming  that  the  cell  operating  voltage  is  uniform 
across  the  cell  area,  the  electric  power  output  will  be  the  prod¬ 
uct  of  the  electric  current  and  the  operating  voltage  of  a  cell  [19]. 
Therefore: 


r 1  = 


IVcell 

hi  x  HV(Ti ) 


(2) 


The  net  electric  current  produced  in  an  oxygen  ion  conducting 
SOFC  is  related  to  the  rate  of  the  hydrogen  consumption  in  the  anode 
due  to  the  following  electrochemical  reaction  [20]. 


H2  +  02“^  H20  +  2e“  (Rl) 

I  =  2FCh2  (3) 

For  the  inlet  fuel  to  the  anode,  the  heating  value  can  be  expressed 
as  follows: 


hi  x  HV(Tj)  =  -RuToO'y  -  nigJ)(xH2  :/3  +  xC0Jy  +  xCH4jS)  (4) 

where 

hH2o(T'i)-hH2(7-i)-0.5hO2(Ti) 

P=— - - -  (5) 

Kimo 

hco2(Ti)-hco(Ti)-0.5hO2(Tf) 

y  =  — - - yt - —  (®) 

s  =  W Tf)  +  2hH2o(Tj)  -  hCH4(Ti)  -  2ho2(Ti) 

RuTo  1  j 

By  substituting  Eqs.  (3)  and  (4)  into  Eq.  (2),  the  overall  cell  effi¬ 
ciency  becomes: 


-2F  f  Ch2  \  Uce„ 

RUT0  ^  ^  -  hjgj  J  (xH 2iip  +  xC0Jy  +  xCH4,i5)  '  ; 

In  Eq.  (8),  CH2/(hj  -  higi)  is  determined  from  the  definition  of 
the  fuel  utilization  ratio  [19,21,22]. 


Ch2  TT  (  Y  8  \ 

(hj  -  hjgj)  =  Uf  [X^<  +  pXco’‘  +  pXcH^J 

_(y_  A  ^o2 

\P  )  (hj  —  higi) 


8-y 

p 


xCH4,i 


(9) 


where  Pc o2  is  the  rate  of  C02  production  by  the  water  gas  shift 
reaction  (R2). 

CO  +  H2oV^sC02  +  H2  (R2) 


Kp,WGs(T)  = 


*co2*h2 

*co*h2o 


(10) 


In  Eq.  (9),  it  is  assumed  that  the  methane  content  of  the  fuel  is 
completely  consumed  in  the  anode  by  the  steam  reforming  reaction 
(R3). 


ch4  +  h2o<^5co  +  3H2 


KpMT)  = 


Xcoxf(p-Pigf 

XcH4Xh?0 


(R3) 

(11) 


By  developing  Eq.  (10)  for  the  anode  outlet  fuel  that  is  assumed 
to  be  in  thermodynamic  equilibrium,  depending  on  the  equilibrium 
constant  of  reaction  (R2)  at  the  temperature  of  the  anode  outlet  fuel, 
Pco 2/(hj  -  hig  i )  is  obtained  as  Eq.  (12) 


Pqo2 


(*CO ,i  +*CH4,i)  ^XCH 4,i  ^  ^  -  2^  -*H20,i  ~  Uf  ^xH2,i  +  ^*CO,i  +  ^XCH4,i^  ^  +  *C02,i  ^xH2,i  +  *CH4,i  ^  ~  Uf  ^*H2,i  +  ^XCO ,i  +  ~pXCH 4,i^  ^ 


(hi  -  higf) 


(Kp,wcs(T0)  =  1) 
Pco2  _  x/r 


(H 


2XCh 4,i  +  (  -X  -  1  ]  (^C02,i  +  *CO,i  +  *CH4,i)  +  1 


(hi  -  hig4) 


(!) 


(12) 


—  ]  -  co  ( Kp,wgs(T0 )  >  1) 


pco2  =_t  + 

(hi  -  higJ)  2 


(!) 


—  I  -co  (Kp?wgs(T0)  <  1) 


1  See  Nomenclature. 
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(a) 


(b) 


O 


(f) 


1200  K 


ATOM  PERCENT  O 


Fig.  1.  Fuel  map  for  MCE  of  SOFCs  at  p  =  1  atm,  Uf=  0.85,  A T=  200  K,  Xo2  =  0.21,  pig  =  0  and  (a)  7,  =  700  K,  (b)  7,  =  800  K,  (c)  Tt  =  900  K,  (d)  Tt  =  1000  K,  (e)  7,  =  1100 K,  and  (f) 
7,-  =  1200  K  (continuous  fuel  curves  are  blue  and  CDB  curves  are  red).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version 
of  the  article.) 
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where 

p 


ifr  = 


y 


a  i  y 

XH 2,1  +  xC02,i  +  xCH4,i  -  Uf  (  XH 2,1  +  ^xCO,i  +  ^XCH4, 


+  I  -  3  I  *ow 


2x, 


CH 4,i  +  ^  -  XC02 , i  T  Kp , WGS (.To)  ^1  +  ^  -  (xCO,i  +  xCH4,i)^ 

1  -  Kp,wcs(T0 ) 


(13) 


CD  = 


P 

y^-l<p,WGs(Jo)) 


Kp,WGs(T0){XcO,i  +  xCH4,i) 


+xC02,i  I  xH2,i  +  xCH4,z 


S-k 


~  Vf  (  XH2 , i  +  j^xCO ,i  +  ~ftXCH 4,i 


/> 


According  to  Eqs.  (9)  and  (12),  at  the  fixed  inlet  fuel  composi¬ 
tion  and  temperature  to  the  anode;  the  fuel  utilization  ratio;  and 
the  outlet  fuel  temperature  from  the  anode,  the  overall  cell  effi¬ 
ciency  is  a  function  of  the  cell  operating  voltage.  In  this  condition, 
the  overall  cell  efficiency  is  maximized  once  the  cell  operating  volt¬ 
age  is  maximized.  If  it  is  assumed  that  the  fuel  utilization  ratio  is 
sufficiently  high  so  that  the  minimum  local  Nernst  voltage  and  the 
maximum  local  internal  resistance  in  a  cell  take  place  at  the  end 
of  the  anode  (the  last  point  in  the  anode,  along  the  fuel  channel, 
that  electrochemical  reactions  take  place),  the  maximum  voltage 
that  a  cell  can  achieve  is  limited  to  the  local  Nernst  voltage  at  the 
end  of  the  anode  [14].  Therefore,  the  maximum  cell  voltage  (MCV) 
is  obtained  as  follows; 


MCV  = 
where 


-RuTo 
2  F 


(<*  +  ln(£)) 


gg2o(T0)-g°2er0)-o.5gg2(r0) 

RuTo 


-0.51n(xo  2p) 


(15) 

(16) 


xH20,o  xH20,z  xCH4,z  (^C02/t*i  ^ig,z)  +  (Q-I2/t*z  ^ig,i)^^ 

xH2,o  xH2,z  +  3 xCH4,i  +  {Pc02/^i  ~  ^ ig,i )  —  (^H2/^z  —  ^ ig,i ) 

By  substituting  Eq.  (15)  into  Eq.  (8),  the  MCE  of  SOFCs  will  be: 


MCE  = 


Ch2 


n,  -  7i 


ig,i 


a  +  ln(£) 


xH2,i^  +  xCO,ir  +  xCH4,^ 


(18) 


According  to  Eq.  (18),  at  the  given  cell  operating  condition  of 
the  anode  inlet  and  outlet  fuel  temperatures;  the  cell  operating 
pressure;  the  oxygen  mole  fraction  at  the  cathode;  and  the  fuel 
utilization  ratio,  the  MCE  depends  only  on  the  fuel  composition  at 
the  anode  inlet. 

Now,  at  a  fixed  operating  condition  of  a  cell,  the  composition  of 
fuels  that  yield  identical  MCE  for  oxygen  ion  conducting  SOFCs  is 
determined.  By  solving  Eqs.  (1),  (10)  and  (11)  for  the  anode  inlet 
fuel,  xCq2  i ,  xco  j,  and  xCH4?I  are  obtained  as  follows: 

Kp ,  WGS  ( Ti  )x  j-[2  o ,  i  ( 1  -XH20,Z  —  xH2  ,  i ) 

C°2'  Kp,WGs(Tj)Xj f,i0  +  XH2,,XH2o,i  +  (X^  f(p  -  Pig)2 /Kp,SR(Ti)) 

(19) 


xCO,i 


xH2,ixH20,i(^  —  xH20,z  _xH2,/) 
l<p,wcsiTi)x^2 o  t  +XH2XH2o,i  +  (X^2  ,(p  -  Pig)2 /I<pMTi)) 

(20) 


XCH4,1 


(XH2j(P-Pig)2/Kp,SR(Ti))G  -Xh20,i  -Xh2,i) 

Kp,wcs(Ti)xl20  j  +  XH2,iXH2o,i  +  (x^2  j(p  -  Pig)2/I<pMTi)) 

(21) 


—  xH20,i  -  Uf 


y  8 

xH2  ,  i  +  ~pXCO,i  +  ^xCH4,z 


(14) 


For  a  specified  MCE,  an  equation  to  obtain  xH2o  i  is  found  from 
Eq.  (18): 


xH20,z  =  1  “xCO  2,i  + 


xCO,i 


+ 


XCH  4,i 


1  f  Ch2  \  /a  +  \n(e)\ 
P  \hi-higj J  V  MCE  ) 


(22) 


By  varying  Xh2,i  from  0  to  1  in  Eqs.  (19)-(22),  the  composition  of 
fuels  that  yield  identical  MCE  at  a  given  cell  operating  condition  is 
determined.  Among  these  fuels,  those  located  below  the  CDB  curve 
in  the  C-H-0  ternary  diagram  can  be  directly  utilized  in  the  anode. 
These  fuels  make  a  continuous  curve  in  the  ternary  coordinate  sys¬ 
tem.  A  fuel  map  is  established  by  developing  continuous  fuel  curves 
for  different  MCEs  at  the  same  operating  condition  of  a  cell  and 
representing  them  in  the  C-H-0  ternary  diagram. 


3.  Results 

The  predictions  obtained  from  the  current  model  for  some  fuels 
that  yield  the  MCE  of  59%  are  shown  in  Table  1  for  the  anode  inlet 
and  outlet  fuel  temperatures  of  7/  =  900  K  and  T0  =  1100  K,  respec¬ 
tively  (AT=T0  -  Tj  =  200 1<);  the  cell  operating  pressure  ofp  =  l  atm; 
the  fuel  utilization  ratio  of  Uf=  0.85;  and  the  oxygen  mole  fraction 
of  Xo2  =  0.21.  According  to  this  table,  the  presence  of  methane  in 
the  inlet  fuel  does  not  necessarily  lead  to  an  increase  in  the  MCE  of 
SOFCs. 

In  Fig.  1,  fuel  maps  to  predict  the  effect  of  a  fuel  on  the  MCE 
are  shown  at  different  inlet  fuel  temperatures  of  700  K,  800  K, 
900  K,  1000  K,  1100  K,  and  1200  K  at  the  cell  operating  condition  of 
p  =  l  atm,  Uf=  0.85,  AT=200K,  Xq2  =  0.21,  and  pig  =  0.  In  this  fig¬ 
ure,  blue  curves  are  the  continuous  fuel  curves  and  red  curves  are 
the  CDB  curves.  As  can  be  clearly  seen  in  this  figure,  the  fuel  com- 


Table  1 


The 
A  T= 

composition  of  the  anode  inlet  fuels  that  yield 
:  T0  -  Ti  =  200  K,  p  =  1  atm,  Uf = 0.85,  and  xq2  =  0.21. 

MCE  =  59%  at 

Tt  =  900  K, 

No. 

Mole  fraction  (%) 

*ch4 

*h2 

xco 

Xh20 

*co2 

1 

5.7 

90.6 

0.3 

3.4 

0.0 

2 

6.0 

83.5 

1.2 

9.0 

0.3 

3 

6.3 

77.4 

2.3 

13.1 

0.9 

4 

6.6 

72.1 

3.6 

15.9 

1.8 

5 

7.0 

66.3 

5.5 

17.8 

3.4 

6 

7.3 

62.6 

7.0 

18.4 

4.7 

7 

7.6 

59.3 

8.6 

18.4 

6.1 

8 

8.0 

55.5 

10.7 

17.9 

7.9 

9 

8.2 

53.7 

11.8 

17.5 

8.8 

10 

8.4 

52.3 

12.8 

17.0 

9.5 
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Fig.  2.  Effect  of  the  anode  inlet  fuel  temperature  on  the  highest  MCE  at  different  fuel 
utilization  ratios  and  at  p  =  1  atm,  AT  =T0-  T,  =  200  K,  Xo2  =  0.21 ,  =  0. 

position  has  a  significant  effect  on  the  MCE.  The  following  general 
results  can  be  obtained  for  the  fuels  in  the  direct  and  indirect  fuel 
utilization  regions  in  the  C-H-0  ternary  diagram. 

3.1.  Direct  fuel  utilization  region 

This  region  is  below  the  CDB  curve  (red  curve)  in  fuel  maps.  In 
this  region,  for  the  anode  inlet  fuel  temperatures  greater  than  800  K, 
among  the  fuels  with  the  same  percentage  of  carbon  atoms,  the  one 
with  a  higher  percentage  of  hydrogen  atom  yields  a  higher  MCE  at  a 
given  operating  condition  of  a  cell.  At  lower  inlet  fuel  temperatures, 
for  example  700  K,  the  MCE  is  not  necessarily  higher  for  a  fuel  that 
contains  a  higher  atomic  percentage  of  hydrogen. 

For  anode  inlet  temperatures  between  800  K  and  1100  K,  if  a  fuel 
is  located  either  below  or  at  the  right  of  another  fuel  in  the  fuel  map, 
it  yields  a  lower  MCE.  This  result  cannot  be  generalized  for  the  inlet 
fuel  temperatures  of  less  than  800  K  or  more  than  1100  K. 

In  many  cases,  the  MCE  can  be  increased  by  mixing  a  fuel 
located  in  the  direct  fuel  utilization  region  with  a  fuel  located 
in  the  indirect  fuel  utilization  region  in  a  fuel  map.  For  example, 
if  a  fuel  located  at  C  =  17.7%  and  H  =  50.6%  is  mixed  with  natural 
gas  (xCh4  =  88.5%,  xC2h6  =  4.8%,  xC3h8  =  1-6%,  *c4h10  —  0-7%,  and 
Xn2  =4.4%  [23]),  according  to  Fig.  le,  the  MCE  increases  up  to 
around  2.3%.  In  certain  cases,  adding  CO  or  even  C02  to  a  fuel  may 
lead  to  an  increase  in  the  MCE.  For  example,  at  the  inlet  fuel  tem¬ 
perature  of  800 1<  (Fig.  lb),  adding  CO  to  a  fuel  located  at  C  =  2%  and 
H  =  98%  can  increase  the  MCE  up  to  around  8%.  Adding  C02  also 
increases  the  MCE  up  to  around  6%  for  this  case,  while  adding  H2, 
H20,  or  02  result  in  reduced  MCE. 

Among  fuels  that  are  at  the  same  temperature  and  pressure,  the 
highest  SOFC  MCE  is  given  by  the  one  located  at  the  intersection  of 
the  CDB  curve  and  the  H-C  axis  in  the  fuel  map.  This  fuel  contains 
only  H2  and  CH4 ;  however,  a  small  quantity  of  water  vapour  should 
be  added  to  start  the  electrochemical  reaction  at  the  anode.  The 
location  of  this  fuel  depends  on  the  anode  inlet  fuel  temperature 
and  pressure.  At  the  inlet  fuel  temperatures  of  more  than  1200  K 
and  the  cell  operating  pressures  of  the  order  of  1  atm,  almost  pure 
hydrogen  is  the  fuel  that  yields  the  highest  MCE  for  SOFCs.  The 
effect  of  the  inlet  fuel  temperature  on  the  highest  MCE  at  different 
fuel  utilization  ratios  and  fuel  temperature  rises  along  the  anode 
(A T=T0  -  Tt)  are  illustrated  in  Figs.  2  and  3,  respectively.  According 
to  these  figures,  for  each  100  K  increase  in  the  anode  inlet  fuel  tem¬ 
perature,  the  highest  MCE  reduces  5.6  ±  2.6%  depending  on  the  fuel 
utilization  ratio.  Increasing  the  fuel  utilization  ratio  and  decreas¬ 


ing  A T=T0  -  Tj  lead  to  an  increase  in  the  highest  MCE  at  the  same 
anode  inlet  fuel  temperature. 

3.2.  Indirect  fuel  utilization  region 

This  region  is  above  the  CDB  curve  (red  curve)  in  fuel  maps.  In 
this  region,  the  composition  of  fuel  and  the  type  of  fuel  processor 
affect  the  MCE  of  SOFCs.  Among  the  fuels  with  the  same  percent¬ 
age  of  carbon  atom,  a  fuel  with  a  higher  percentage  of  hydrogen 
atom  yields  a  higher  MCE  at  the  given  operating  condition  of  a  cell, 
regardless  of  the  type  of  fuel  processor. 

We  decided  to  use  an  example  to  explain  the  effect  of  different 
types  of  fuel  processors  on  the  MCE.  In  this  example,  CH4  (C  =  20% 
and  H  =  80%)  at  900  K  is  used  in  a  cell  that  operates  at  p  =  1  atm, 
Uf=  0.85,  AT  =  200  K,  and  Xq2  =  0.21 .  This  fuel  is  in  the  indirect  fuel 
utilization  region  and  should  be  processed  before  it  can  be  utilized 
in  the  anode.  If  partial  oxidation  is  selected  as  the  fuel  processor, 
according  to  Fig.  lc,  at  least  0.86  mol  of  02  should  be  added  to  each 
mole  of  CH4  to  cross  the  CDB  curve  which  will  then  result  in  an  MCE 
value  around  57.4%.  If  steam  reforming  is  selected  as  a  fuel  proces¬ 
sor,  at  least  1.4  mol  of  H20  should  be  added  to  each  mole  of  CH4 
and  the  MCE  will  be  around  60.1%.  For  the  auto-thermal  reforming 
fuel  processor,  depending  on  how  much  H20  and  02  are  added  to 
the  fuel,  the  MCE  varies  between  57.4%  and  60.1%.  The  dry  reform¬ 
ing  of  CH4  is  also  possible  by  adding  almost  6.7  mol  of  C02  to  each 
mole  of  CH4;  however  the  MCE  reaches  around  49%.  If  4  mol  of  H2 
are  added  to  each  mole  of  CH4  at  900  K,  the  MCE  corresponding  to 
the  new  mixture  will  be  around  63%.  Another  method  is  to  sepa¬ 
rate  the  solid  phase  carbon  from  the  equilibrium  product  of  CH4.  By 
separating  the  solid  carbon,  the  location  of  the  fuel  moves  toward 
the  CDB  curve  along  a  line  that  connects  the  fuel  to  the  C  vertex 
in  the  fuel  map.  For  this  method  the  MCE  will  be  about  63%.  The 
effect  of  the  anode  exit  gas  recirculation  on  the  MCE  is  always  the 
same  as  the  partial  oxidation  fuel  processor.  As  a  general  result,  for 
any  fuel  in  the  indirect  fuel  utilization  region,  the  steam  reforming 
fuel  processor  yields  a  higher  MCE  than  partial  oxidation  or  auto- 
thermal  reforming  fuel  processors  at  a  specific  operating  condition 
of  a  cell. 

3.3.  Effect  of  the  cell  operating  condition 

To  predict  the  effect  of  the  cell  operating  condition  on  the 
location  of  continuous  fuel  curves  (blue  curves)  in  fuel  maps,  a 
parametric  study  is  performed  and  the  results  are  shown  in  Fig.  4. 
According  to  Fig.  4a,  by  decreasing  the  anode  inlet  fuel  tempera- 
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Fig.  3.  Effect  of  the  anode  inlet  fuel  temperature  on  the  highest  MCE  at  different  fuel 
temperature  rise  along  the  anode  (AT  =T0-  If)  and  atp  =  1  atm,  Uf= 0.85,  xq2  =  0.21 . 
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Fig.  4.  Effect  of  the  (a)  anode  inlet  fuel  temperature,  (b)  cell  operating  pressure,  (c)  fuel  temperature  rise  along  the  anode,  (d)  fuel  utilization  ratio,  (e)  oxygen  mole  fraction 
in  cathode,  and  (f)  nitrogen  (or  any  other  inert  gas)  mole  fraction,  on  the  location  of  continuous  fuel  curves  in  fuel  maps  (continuous  fuel  curves  are  blue  and  CDB  curves  are 
red).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 

[f.] 

a.  MCE  =  51%,p  =  latm,  Ur/=0.85,  A7=200K,Xo2  =0.21,pig  =  0. 

b.  MCE  =  59%,  T{  =  900  K,Uf= 0.85,  A7=  200  K,Xo2  =  0.21,pig  =  0. 

c.  MCE  =  59%,  Ti  =  900  K,p  =  l  atm,  Uf=  0.85,  *o2  =  0.21,pig  =  0. 

d.  MCE  =  51%,  7)  =  900  K,  p  =  1  atm,  AT  =  200  K,  x0z  =  0.21,p/g  =  0. 

e.  MCE  =  59%,  7)  =  900  K,  p  =  1  atm,  Uf= 0.85,  A T=  200  K,  pig  =  0. 

f.  MCE  =  59%,  7)  =  900K,  p  =  1  atm,  Uf= 0.85,  AT=200K,  Xq2  =0.21. 
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ture,  the  continuous  fuel  curves  corresponding  to  an  MCE  shift  to 
the  right  of  fuel  maps.  This  means,  the  fuels  with  a  lower  hydro¬ 
gen  atom  percentage  (with  the  same  percentage  of  carbon  atom) 
may  still  yield  a  high  MCE  if  the  anode  inlet  fuel  temperature  is 
reduced.  According  to  Fig.  4b,  d,  and  e,  by  increasing  the  cell  oper¬ 
ating  pressure,  the  fuel  utilization  ratio,  or  oxygen  mole  fraction  in 
cathode,  the  continuous  fuel  curves  tend  to  move  to  the  right  of  the 
fuel  maps.  As  observed  in  Fig.  4c  and  f,  the  continuous  fuel  curves 
shift  to  the  right  of  fuel  maps  by  decreasing  either  the  fuel  tem¬ 
perature  rise  along  the  anode  (A T=T0  -  T;)  or  the  inert  gases  mole 
fraction. 

4.  Conclusions 

At  the  given  cell  operating  condition  of  the  anode  inlet  and  outlet 
fuel  temperatures;  cell  operating  pressure;  oxygen  mole  fraction  at 
cathode;  and  the  fuel  utilization  ratio;  the  MCE  of  oxygen  ion  con¬ 
ducting  SOFCs  depends  only  on  the  inlet  fuel  composition  to  the 
anode.  To  predict  the  effect  of  the  composition  of  any  fuel  contain¬ 
ing  carbon,  hydrogen,  oxygen,  and  inert  gas  atoms  on  the  MCE  of 
SOFCs,  a  thermodynamic  model  is  developed  to  create  a  fuel  map  at 
the  specified  operating  condition  of  a  cell.  According  to  fuel  maps, 
the  composition  of  a  fuel  has  a  significant  effect  on  the  MCE  of 
SOFCs.  Fuel  maps  are  also  useful  for  selecting  an  appropriate  fuel 
processor  for  a  fuel  that  cannot  be  directly  utilized  in  SOFCs  due  to 
the  carbon  deposition  problem. 

Some  of  the  general  results  obtained  from  fuel  maps  are  pre¬ 
sented  as  follows: 

•  In  the  direct  fuel  utilization  region,  for  the  anode  inlet  fuel  tem¬ 
peratures  greater  than  800  K,  among  the  fuels  with  the  same 
percentage  of  carbon  atom,  the  one  with  a  higher  percentage  of 
hydrogen  atom  yields  a  higher  MCE  at  a  given  operating  condi¬ 
tion  of  a  cell.  This  result  is  also  valid  for  fuels  in  the  indirect  fuel 
utilization  region,  regardless  of  the  anode  inlet  fuel  temperature 
and  the  type  of  fuel  processor. 

•  In  the  direct  fuel  utilization  region,  for  the  anode  inlet  fuel  tem¬ 
peratures  between  800  K  and  1100K,  if  a  fuel  is  located  either 
below  or  at  the  right  of  another  fuel  in  the  fuel  map,  it  yields  a 
lower  MCE. 

•  In  the  direct  fuel  utilization  region,  adding  CO  or  even  C02  to  a 
fuel  sometimes  increases  the  MCE. 

•  In  many  cases,  the  MCE  can  be  increased  by  mixing  a  fuel  located 
at  the  direct  fuel  utilization  region  with  a  fuel  located  at  the  indi¬ 
rect  fuel  utilization  region  in  a  fuel  map. 

•  Among  fuels  which  are  at  the  same  temperature  and  pressure  in 
the  direct  fuel  utilization  region,  the  highest  MCE  always  yields 
by  a  fuel  located  at  the  intersection  of  the  CDB  curve  and  the  H-C 
axis  in  the  fuel  map. 


•  For  any  fuel  in  the  indirect  fuel  utilization  region,  the  steam 
reforming  fuel  processor  yields  a  higher  MCE  than  partial  oxi¬ 
dation  and  auto-thermal  reforming  fuel  processors  at  a  given 
operating  condition  of  a  cell. 

•  By  decreasing  the  anode  inlet  fuel  temperature,  the  fuel  temper¬ 
ature  rise  along  the  anode  (A T=T0  -  Tz),  or  the  inert  gases  mole 
fraction,  the  continuous  fuel  curves  corresponding  to  an  MCE  shift 
to  the  right  of  fuel  maps. 

•  By  increasing  the  fuel  utilization  ratio,  the  cell  operating  pressure, 
or  the  oxygen  mole  fraction  in  cathode,  the  continuous  fuel  curves 
corresponding  to  an  MCE  shift  to  the  right  of  fuel  maps. 
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